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COMPENSATION WINDINGS FOR
MAGNETIC BEARINGS

BACKGROUND

Embodiments of the present application generally relate
to thrust or axial active magnetic bearings or actuators. More
particularly, but not exclusively, embodiments of the present
application relate to compensation windings for axial mag-
netic bearings that are adapted to at least attempt to mini-
mize homopolar leakage of magnetic flux.

Magnetic bearing systems may utilize magnetism to at
least levitate and/or support a rotable device or apparatus,
such as, for example, a rotor, shaft, and/or disk of an
clectrical motor or generator, among other devices. Addi-
tionally, certain magnetic bearing systems can include active
thrust or axial magnetic bearings or actuators that provide
axial support for the rotatable device or component. Typi-
cally, active axial magnetic bearing pulling levitated appa-
ratus to one direction utilize the flow of an electrical current
in one, and only one, direction through electromagnetic coils
or windings of the axial magnetic bearings to generate a
magnetic field that, according to Ampere’s circuital law,
circles the electrical current. The associated generated thrust
force often 1s associated with an axially induced magnetic
field in an air-gap between the relatively stationary axial
magnetic bearing and the levitated rotable device. Such a
thrust force, which 1s often referred to as a reluctance force,
1s often generally directly proportional to the air-gap cross-
sectional area and to the second power of the air-gap
magnetic flux density.

When electrical current 1s flowing in only one direction
through the electromagnetic coils or windings, the associ-
ated magnetic flux may also generally flow 1n only one
direction, which can be referred to as a homopolar magnetic
flux, along a main magnetic flux path. For example, FIG. 1
illustrates first and second axial magnetic bearings 100aq,
10056 positioned on opposing sides of a portion of a rotable
device 102, such as, for example, a thrust disk. FIG. 1 further
illustrates a generally 1deal scenario in which all of the
magnetic flux 104 (represented by solid lines) generated by
operation of the first axial magnetic bearing 100aq tlows
along a main magnetic flux path 106, with external thrust
force being illustrated towards the right direction and bear-
ing thrust force towards left direction. As shown, 1n such a
situation, the main magnetic flux path 106 can extend from
a stator ferromagnetic core 108 of the first axial magnetic
bearing 100aq to a first portion 110a of an air-gap 112
between the first axial magnetic bearing 100q and the rotable
device 102, and then to a portion of the rotable device 102,
such as, for example, a thrust disk. The main magnetic flux
path 106 can then extend, via a second portion 1105 of the
air-gap 112, back to the stator ferromagnetic core 108 of the
first axial magnetic bearing 100a.

However, 1t 1s typically practically challenging, if not
impossible, to keep all of the magnetic flux only in the main
magnetic flux path. Moreover, typically, at least some of the
magnetic flux, which may be referred to as leakage tlux,
flows outside of the main magnetic tlux path. The degree of
leakage flux present can depend, at least in part, on the
magnetic saturation level of the main magnetic flux path, as
well as the surrounding parts and materials near the axial
magnetic bearing or actuator. Further, while such leakage
flux typically 1s generally useless from a force generation
standpoint, leakage flux can consume at least a portion of the
total magneto-motive force that generates the magnetic field.
Thus, leakage tlux can reduce the load capacity of the axial
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magnetic bearing, while also increasing the total inductance
of the axial magnetic bearing, which can reduce the dynami-

cal capacity of the axial magnetic bearing.

Homopolar leakage flux can also cause electromagnetic
interference for other electromagnetic components or
devices of an apparatus or system. Moreover, axial magnetic
bearings are typically positioned 1n relative close proximity
to other components or devices of an apparatus or system,
such as, for example, 1n relatively close proximity to other
actuators and/or sensors. Accordingly, as depicted {for
example 1 FIG. 2, homopolar leakage flux paths 114
generated by the operation of the first axial magnetic bearing
100a often extend to other components or devices of a
system or device. Such leakage flux can therefore cause
clectromagnetic interference (EMI) for other relatively
close-by electromagnetic devices, which can negatively
allect the operation of those aflected parts, such as, for
example, sensors 116 and other magnetic bearings or actua-
tors 118. Additionally, for at least high speed electric motors,
the arecas that such leakage flux can be carried can be
relatively wide 1f housing parts, such as, for example, a
motor, generator, and/or bearing housings, are constructed
from ferromagnetic material. Accordingly, the anticipated
occurrence of leakage flux can lead to a restriction in the
maternal that 1s generally suitable for selection for various
housing parts that will generally surround, or otherwise be
in relative close proximity to, the axial magnetic bearings.
Further, homopolar leakage flux can magnetize parts of the
system that are not intended to be magnetized, such as, for
example, magnetize a shaft end, which can, among other
concerns, facilitate the accumulation of dirt and relatively

small, 1rron-containing particles on or around the magnetized
part.

BRIEF SUMMARY

An aspect of an embodiment of the present application 1s
an apparatus that includes an axial bearing core, at least a
portion of the axial bearing core comprising a ferromagnetic
material. The apparatus also includes a primary winding
coupled to the axial bearing core, the primary winding
having a plurality of first windings arranged to have a first
number of turns. Additionally, the plurality of windings 1s
turther arranged for a flow of a current through the primary
winding 1 a {first direction. The apparatus also has a
compensation winding that 1s coupled to the axial bearing
core. The compensation winding can have a plurality of
second windings that are arranged to have a second number
of turns, the second number of turns being about one-half the
number of turns as the first number of turns. Further, the
compensation winding 1s arranged for a tlow of a current
through the compensation winding in a second direction, the
second direction being opposite of the first direction.

Another aspect of an embodiment of the present applica-
tion 1s an apparatus that includes a first axial magnetic
bearing having a first stator core, a first primary winding,
and at least one first compensation winding, the at least one
first compensation winding having a number of turns that 1s
at least equal to a number of turns of the first primary
winding. The apparatus further includes a second axial
magnetic bearing having a second stator core, a second
primary winding, and at least one second compensation
winding, the at least one second compensation winding
having a number of turns that 1s at least equal to a number
of turns of the second primary winding. The apparatus
turther includes a main rotor, the main rotor providing a flux
return path for the tlow of magnetic flux generated by at least
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the first and second primary windings. Additionally, the
apparatus may not include a thrust plate.

A further aspect of an embodiment of the present appli-
cation 1s a method that includes delivering a first electrical
current to a first primary winding a first axial magnetic
bearing. The delivered first electrical current can flow 1n a
first direction through the primary winding. A second elec-
trical current can be delivered to one or more first compen-
sation windings of the first axial magnetic bearing. Further,
the delivered second current can flow through the one or
more first compensation windings 1n a second direction that
1s opposite of the first direction. Additionally, a third elec-
trical current can be delivered to one or more second
compensation windings of the second axial magnetic bear-
ing. Further, the delivered third current can tlow through the
one or more second compensation windings 1n the second
direction. The method can also include delivering a fourth
clectrical current to a second primary winding of a second
axial magnetic bearing. The fourth electrical current can
flow 1n the second direction. Further, the first and second
axial magnetic bearings can be positioned on opposite sides
of a rotable device, at least one of the first and fourth
electrical currents including a biasing current. The method
can also 1include compensating, through operation of the one
or more first and second compensation windings, a magneto-
motive force generated by the first and second primary
windings to produce a net magneto-motive force of around
ZE€ro ampere turns.

BRIEF DESCRIPTION OF THE DRAWINGS

The description herein makes reference to the accompa-
nying figures wherein like reference numerals refer to like
parts throughout the several views.

FI1G. 1 illustrates a generally 1deal case 1n which all of the
magnetic flux generated by the operation of a first axial
magnetic bearing flows along a main flux path.

FI1G. 2 illustrates an example of homoplanar leakage tlux
paths generated by the operation of the first axial magnetic
bearing of FIG. 1 extending away from the main flux path
and to other components or devices of a system or an
apparatus.

FIG. 3 1llustrates a partial cross-sectional view of at least
a portion of a magnetic bearing system that includes first and
second axial magnetic bearings that are positioned about a
rotable device and which include integrated compensation
windings.

FI1G. 4 illustrates a partial cross-sectional view of at least
a portion of a magnetic bearing system that includes first and
second axial magnetic bearings that are positioned about a
rotable device and which include compensation windings
that are not integrated into the first and second axial mag-
netic bearings.

FIG. 5 1llustrates a partial cross-sectional view of at least
a portion of a magnetic bearing system that includes first and
second axial magnetic bearings that are positioned about a
rotable device and which both include integrated and non-
integrated compensation windings.

FIG. 6 illustrates an example of a reduction, when com-
pared to at least FIG. 2, of homoplanar leakage flux paths
generated by the operation of axial magnetic bearings that
cach include one or more compensation windings.

FI1G. 7 illustrates a bearing system having first and second
pairs ol compensation windings, each of which 1s external to
the associated main axial bearing core, and wherein, in the
absence of a thrust disk, a main rotor 1s also a main flux
return path.
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4

FIG. 8 1llustrates a bearing system having first and second
compensation windings that are each integrated in the asso-

ciated main axial bearing core, and wherein, 1n the absence
of a thrust disk, a main rotor 1s also a main flux return path.

The foregoing summary, as well as the following detailed
description of certain embodiments of the present invention,
will be better understood when read in conjunction with the
appended drawings. For the purpose of illustrating the
invention, there 1s shown in the drawings, certain embodi-
ments. It should be understood, however, that the present
invention i1s not limited to the arrangements and instrumen-
talities shown 1n the attached drawings.

DESCRIPTION OF THE ILLUSTRATED
EMBODIMENTS

Certain terminology 1s used 1n the foregoing description
for convenience and 1s not intended to be limiting. Words
such as “upper,” “lower,” “top,” “bottom,” “first,” and
“second” designate directions in the drawings to which
reference 1s made. This terminology includes the words
specifically noted above, denivatives thereof, and words of
similar import. Additionally, the words “a” and “one” are
defined as including one or more of the referenced item
unless specifically noted. The phrase *“at least one of”
tollowed by a list of two or more 1tems, such as “A, B or C,”
means any individual one of A, B or C, as well as any
combination thereof.

FIG. 3 1llustrates a partial cross-sectional view of at least
a portion of a magnetic bearing system 200 that includes first
and second axial magnetic bearings 202a, 2026 that are
positioned about a portion of a rotable device 204, such as,
for example, about a portion of a shaft or rotor of an electric
motor or generator, among other devices. The rotable device
204 can be constructed for rotational displacement about a
central axis of rotation 206 of the rotable device 204.
According to the depicted example, the rotable device 204
includes, or 1s coupled to, a disk or plate 208 that extends
into a space 210 between the first and second axial magnetic
bearings 202a, 202b. Further, according to the 1illustrated
embodiment, the disk or plate 208 generally extends radially
outwardly from the rotable device 204 such that the oppos-
ing first and second side faces 212a, 2125 of the disk or plate
208 are generally perpendicular to the central axis of rota-
tion 206 of the rotable device 204. Further, according to
certain embodiments, the disk or plate 208 1s a thrust plate
for which the first and second axial magnetic bearings 202a,
2026 provide bearing for in one or more thrust directions
that are generally parallel to the central axis of rotation 206
of the rotable device 204. Accordingly, the disk or plate 208
can be constructed from a ferromagnetic material or other
magnetic material such that the disk or plate 208 can be
attracted by magnetic forces that can be generated by the
operation of the first and/or second axial magnetic bearings
202a, 202b. Further, the exemplary thrust disk or plate 208
may have a variety of diflerent shapes and/or sizes. For
example, while the thrust disk or plate 208 shown 1n FIG. 3
1s depicted as generally not being aligned with the upper
portion of the stator, such as, for example, a tooth portion of
the stator, according to other embodiments, the thrust disk or
plate 208 may have a smaller or larger diameter, including,
for example, an extended diameter that generally aligns an
outer portion of the thrust disk or plate 208 with tooth
portion of the stator, as shown, for example, 1n FIG. 4.

The first and second axial magnetic bearings 202a, 2025
cach include an axial bearing core 214, which can be a stator
core comprising at least a ferromagnetic material. The axial
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core bearing 214 can have an mner wall 216, an outer wall
218, and opposing first and second sides 220a, 2205. The
iner wall 216 generally defines an aperture 222 that 1s si1zed
to at least accommodate rotational displacement of an adja-
cent portion of the rotable device 204 that may extend
through the aperture 222, while the outer wall 218 generally
defines an outer periphery of the axial bearing core 214.
Further, according to certain embodiments, the outer wall
218 can be configured to at least assist 1n relatively securely
coupling the axial bearing core 214 to an adjacent structure,
such as, for example, a motor, generator, or bearing housing,
among other structures. Additionally, the inner and outer
walls 216, 218 may each have a variety of similar or
dissimilar shapes. For example, according to certain
embodiments, both the inner and outer walls 216, 218 may
be generally circular in cross-sectional shape such that the
axial bearing cores 214 of the first and second axial magnetic
bearings 202a, 2025 are generally axisymmetric structures,
such as, for example, ring shaped, among other shaped
structures.

The first and second axial magnetic bearings 202a, 2025
cach further include a primary winding or electromagnetic
coil 224a, 224bH. The primary winding 224a, 224b may be
configured to at least assist in the generation of a force that
provides a magnetic bearing for the rotable device 204 1n a
thrust direction that 1s generally parallel to the axis of
rotation. According to certain embodiments, the primary
winding 224a, 2245 comprises a plurality of number of turns
wounded from an electrically conductive material, such as,
for example, but not limited to, copper wire. Further, the
plurality of windings for the primary winding 224a, 2245
may generally be configured such that, when the rotable
device 204 operably extends through the aperture 222 of the
axial bearing core 214, the plurality of windings of the
primary windings 224q, 224b are generally symmetrical
about at least the axis of rotation 206 of the rotable device
204. The number of turns (N »4;,) of the plurality of windings
of the primary windings 224a, 224b may depend on a variety
of different factors, including, for example, the strength of
the magneto-motive force that 1s to be generated by opera-
tion of the respective first or second axial magnetic bearing,
202a, 2026. Moreover, the magneto-motive force (MMF)
generated by the operation of the first or second axial
magnetic bearing 202a, 2025 can generally be the product of
the number of turns (N, ;) of the primary and the current (I)
flowing inside of the primary winding 224a, 2245, which
can be represented as:

MMF=(Np ;)] (Eq. 1)

According to certain embodiments, the axial bearing core
214 of the first and second axial magnetic bearings 202a,
202b may each include a primary coil slot 226a, 2265 that
extends 1nto the axial bearing core 214 from one of the first
and second sides 220a, 22056 of the axial bearing core 214.
The primary coil slot 2264, 2265 can be sized to house at
least a portion of the primary winding 224a, 224b, as
depicted in FIG. 3. For example, according to certain
embodiments, the primary coil slot 226a, 2265 may be sized
such that the primary coil slot 226a, 2265 does not, or
relatively minimally, outwardly extends beyond the adjacent
first or second side 220a, 2205 of the axial bearing core 214.

The first and second axial magnetic bearings 202a, 2025
cach further include one or more compensation windings
228a, 228b. The compensation winding(s) 228a, 2285 may
be configured to, when operably subjected to an electrical
current, at least assist 1n generating a magneto-motive force
that reduces and/or minimizes homopolar magnetic flux
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leakage, as discussed below. Moreover, the compensation
winding(s) 228a, 2285 may be configured and/or operated
such that the net MMF of the bearing system 200 1s, or 1s
around, zero. Moreover, the compensation winding(s) 228a,
228b may be configured and/or operated such that the net
MMF generated by the flow of current through the first
and/or second primary windings 224a, 2245 1s zero. As
discussed below 1n more detail, depending on the circum-
stances and/or configuration of the bearing system 200,
current may simultaneously tlow through either or both of
the first and second primary windings 224a, 2245. Further,
as also discussed below, according to certain embodiments,
the compensation winding(s) 228a, 2285 may be configured
such that each compensation winding 228a, 2285 compen-
sates for the MMF generated by the primary winding 224a,
224bH of the bearing 202a, 20256 associated with that com-
pensation winding 228, 2285b, respectively, or the compen-
sation windings 228a, 228b operate together to both com-
pensate for the net MMF generated by both the first and
second primary windings 224a, 224b, such that the net
MMF of the bearing system 200 1s, or 1s about, zero.

Similar to the primary winding 224a, 2245, the compen-
sation windings 228a, 2285 comprises a plurality of number
of turns wounded from an electrically conductive matenal,
such as, for example, but not limited to, copper windings.
Additionally, the windings for the compensation winding(s)
228a, 228bH may generally be configured such that, when the
rotable device 204 operably extends through the aperture
222 of the axial bearing core 214, the compensation
winding(s) 228a, 228 are generally symmetrical about the
axis of rotation 206 of the rotable device 204.

The number of turns (N,,) for the compensation
winding(s) 228a, 2285 may depend on a variety of diflerent
factors, including, for example, the strength of the magneto-
motive force that 1s anticipated to be separately generated by
cach of the primary windings 224a, 224b. According to
certain embodiments, the compensation winding(s) 228a for
first magnetic bearing 202a has one-half the number of turns
(N,-3;-) as the number of turns (N, ) of the primary
winding 224a of the first magnetic bearing 202a. Similarly,
according to certain embodiments, the compensation wind-
ing(s) 2286 for second axial magnetic bearing 2025 has
one-half of the number of turns (N4;-) as the number of
turns as the number of turns (N,;-) as the primary winding
224b of the second axial magnetic bearing 2025. Accord-
ingly, when the number of turns (N, ) of the primary
winding 224a of the first magnetic bearing 202q 1s the same
as the number of turns (N,;;~ ) of the primary winding 2245
of the second axial magnetic bearing 2025, then:

Npp1=Neg1+Nepn (Eq. 2)

(Eq. 3)

Reterencing FIGS. 3 and 4, one or more of the compen-
sation windings 228a, 2285 can be separate from the first
and second axial magnetic bearings 202a, 2025, and/or can
be integrated i the axial bearing core 214 of the first and
second axial magnetic bearings 202a, 2025. For example, as
illustrated by FIG. 4, according to certain embodiments, at
least one compensation windings 228a, 228b can be posi-
tioned against or 1n relatively close proximity to a side 220aq,
220b of, and external to, the axial bearing core 214 of the of
the first and second axial magnetic bearings 202a, 2025 that
1s opposite of the side 220aq, 2205 to which the primary
winding 224a, 224b 1s positioned. Moreover, for example,
according to certain embodiments, a compensation winding

228a, 228b may be external to the second side 2206 of the

Nppn=Nepg1+Nepn
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axial bearing core 214 of the first and second axial magnetic
bearings 202a, 2025, while the primary winding 224a, 2245
1s adjacent to the first side 2204, including positioned 1n the
primary coil slot 226a, 2265, among other positions internal
or external to the axial bearing core 214. Alternatively, as
shown 1n FIG. 3, according to other embodiments, the
compensation winding 228q, 2285 can be positioned 1n a
compensation coil slot 230qa, 2305 that extends into the axial
bearing core 214 from one of the first and second sides 220aq,
2206 of the axial bearing core 214. The compensation coil
slot 230a, 2306 can, according to certain embodiments, be
sized to house at least a portion of the compensation
windings 228a, 228b, as depicted in FIG. 3. For example,
according to certain embodiments, the compensation coil
slot 230a, 2306 may be sized such that the compensation
winding 228a, 2285 does not, or relatively minimally, out-
wardly extends beyond the adjacent first or second side
220a, 2205 of the axial bearing core 214.

Additionally, the compensation windings 228a, 228b
may, or may not, have a size, configuration, and/or position
that 1s generally similar to that of the primary winding 224a,
224b. Further, the compensation windings 228a, 2286 may
be positioned at a variety of locations relative to the axial
bearing core 214. For example, as shown in FIG. 4, accord-
ing to certain embodiments, the compensation coil slot 230a,
2300, and thus the compensation windings 228a, 2285, may
extend 1nto closer proximity to the mner and outer walls 216,
218 of the first and second axial magnetic bearings 202a,
20256 than the primary coil slot 226a, 2265 and the associ-
ated primary winding 224a, 224b.

Although FIGS. 3 and 4 depict each of the first and second
axial magnetic bearings 202q, 2025 having one compensa-
tion winding 228a, 2285, one or more of the first and second
axial magnetic bearings 202a, 2026 may have a plurality of
compensation windings 228a, 228a', 228b, 228b' as shown,
for example, by FIG. 5. According to such embodiments, at
least a portion of the compensation windings 228a, 2284,
228b, 2285' may, or may not, overlap and/or be intertwined.
For example, according to certain embodiments, at least one
of the first and second axial magnetic bearings 202a, 2025
may have a first compensation winding 228a, 2286 and a
second compensation winding 228a', 2285', the {irst com-
pensation winding 228a, 2285 radially extending around the
associated first and/or second axial magnetic bearing 202a,
2025 at a location that 1s further from the access of rotation
206 than the second compensation winding 228q', 2285'.
Additionally, according to certain embodiments, the first
and/or second axial magnetic bearing 202a, 2026 can have
at least a first compensation winding 228a, 2285 that is
external to, or separate from, the axial bearing core 214, and
at least a second compensation winding 2284', 2285' that 1s
housed within a compensation coil slot 230a, 2305 in the
corresponding first or second axial magnetic bearing 202a,
202b. Further, according to certain embodiments, for a given
axial magnetic bearing 202a, 2026 having a first compen-
sation winding 228a, 2285 having a number of turns (N ;. ),
and a second compensation winding 2284', 2285' having a
number of turns (N _;5), the sum of the total number turns
(N 3,+N ;) of the one or more compensation windings
228a, 228b, 228a', 2280' may remain equal to half of the
total number of turns (N,;;,) of the primary winding 224a,
224b for that particular axial magnetic bearing 202q, 20256
such that:

(NcwutNcwn)=Npy/ 2 (Eq. 4)

During use, one of the first and second axial magnetic
bearings 202a, 20256 1s positioned adjacent to the first side
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face 212a of the disk or plate 208, and the other of first and
second axial magnetic bearings 202a, 2025 1s positioned
adjacent to the second side face 2126 of the disk or plate
208. Further, the first and second axial magnetic bearings
202a, 202b are positioned 1n relative close proximity to the
adjacent first or second side faces 212a, 2125 of the disk or
plate 208. For example, according to the example illustrated
in FI1G. 3, the first magnetic bearing 202aq may be positioned
in relatively close proximaity to the first side face 2124 of the
disk or plate 208 such that the first side 220a of the first
magnetic bearing 202a 1s separated from the first side face
212a by a first air gap 232a. Similarly, the second axial
magnetic bearing 20256 may be positioned 1n relatively close
proximity to the second side face 2125b of the disk or plate
208 such that the first side 220a of the second axial magnetic
bearing 2025 1s separated from the second side face 2125 by
a second air gap 232b. The first and second air gaps 232a,
232b can be relatively narrow 1in width, such as, for example,
having, but not limited to, widths of about 0.2 millimeters
(mm) to about 1.5 mm. However the widths of such air gaps
232a, 2326 can vary based on applications, and can be
smaller then, or larger then, this exemplary range. Further,
the first and second axial magnetic bearings 202a, 2025 may
be oriented in opposite orientations such that the primary
winding 224a, 224b for each of the first and second axial
magnetic bearings 202a, 20256 are inwardly positioned
toward the adjacent first or second side face 212a, 2125 of
the disk or plate 208, as shown, for example, by at least
FIGS. 3-5.

When operated, electrical current can flow through the
primary winding 224a, 2245 of one of the first or second
axial magnetic bearings 202a, 2025 1n a first direction, while
clectrical current tlows through the one or more compensa-
tion windings 228a, 2286 of both of the axial magnetic
bearings 202a, 2026 in a second direction, the second
direction being opposite of the first direction. Moreover,
according to the certain embodiments, current through the
compensation windings 228a, 22856 may generally flow 1n
one, and only one, direction. Stmilarly, according to such
embodiments, current through the primary windings 224a,
224b may generally flow 1n one, and only one, direction that
1s opposite to the direction that current 1s flowing through the
compensation winding(s) 228a, 228b. For example, electri-
cal current may flow through the primary winding 224a,
2245 1n one of a clockwise or counter-clockwise direction,
while electrical current flows through the compensation
winding(s) 228a, 2285 in the other of the clockwise and
counter-clockwise directions. Additionally, the current for
the primary winding 224a, 2245 and compensation
winding(s) 228a, 2285 may be provided from the same, or
different, power sources. For example, according to certain
embodiments, the primary winding 224a, 2245 and the one
or more compensation windings 228a, 228b can be all
connected 1n series to a common current source, or can be
supplied with power from separate current sources.

Thus, for a given primary winding 224a, 2245, such as,
for example, the primary winding 224q of the first magnetic
bearing 202a, the number of turns (N, ) of the primary
winding 224a 1s equal to the sum total number of turns of the
compensation windings 228a, 22856 of the first and second
axial magnetic bearings 202a, 2025, as indicated by the
application of above Equation 1. Accordingly, as current can
be controlled to only flow 1n one of the first and second axial
magnetic bearings 202a, 2025 at a particular time, and flows
in a direction that 1s opposite of the direction that current
flows through the compensation windings 228a, 2286 of
both the first and second axial magnetic bearing 202a 2025,
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the net magneto-motive force (MMF) generated from the
primary winding 224a and the compensation windings 228a,
228b 1s generally zero. For example, 11 current (1) 1s flowing
through the primary winding 224a of the first magnetic
bearing 202a to work against an opposing external thrust
force, current may not be flowing through the primary
winding 2245 of the second axial magnetic bearing 2025. In
such an example, the magneto-motive force (MMEF,) pro-
vided by the primary winding 2245 of the second axial
magnetic bearing 2025 can be zero. If, however, the first
axial magnetic bearing has an winding having 100 turns
(N=100), retferencing above equation 1 (Eq. 1), the magneto-
motive force (MMF,) provided by current flowing through
the primary winding 224q of a first magnetic bearing 2024
can be represented as MMF=100(I). In such an example,
referencing above-equation 2, the compensation windings
228a of the first magnetic bearing 202a can have a sum total
of 50 turns, and the compensation windings 2285 of the
second axial magnetic bearing 20256 may also have a sum
total of 50 turns. Further, as the current 1s flowing in the
compensation windings 228a, 2286 of the first and second
axial magnetic bearings 202a, 2026 1n a direction that is
opposite to the direction that current tlows through the
primary winding 224aq of the first magnetic bearing 2024, the
current flowing through the compensation windings 228a,
228b can be represented as a negative current (e.g., —I).
Accordingly, 1n such an example, the magneto-motive force
(MMEF,) provided by current flowing through the compen-
sation winding 228a of the first magnetic bearing 202a can
be represented as —50(1), and the MMF provided by current
flowing through the compensation winding 2286 of the
second axial magnetic bearing 2025 can be represented as
—30(I). In such an example, the sum of the MMF of the first
axial magnetic bearing 202q (100(1)), the compensation
winding 228a of the first axial magnetic bearing (-350(1)),
and the compensation winding 2286 of the second axial
magnetic bearing (-50(1)) 1s generally zero.

FIG. 6 represents an exemplary scenario similar to that
illustrated 1n FIG. 2 but 1n which the first and second axial
magnetic bearings 202q, 2026 include compensation wind-
ings 228a, 2285 along the second sides 2205 of the first and
second axial magnetic bearings 202a, 2025. As shown, when
compared to FIG. 2, the inclusion of compensation windings
228a, 228b can result 1n a net magneto-motive force (MME)
of around zero, which can have a relatively positive impact
on reducing homopolar-leakage flux 234. Further, such
reduction 1 homopolar-leakage flux 234 can result in an
improvement of the quantity and/or density of magnetic flux
236 along the main flux path 238, which can thereby result
in an elevation of the bearing load capacity of the first and
second axial magnetic bearings 202a, 20256. Moreover, by
clevating the quantity and/or density of magnetic flux that
flows along the main flux path 238, the use of axial magnetic
bearings 202a, 2025 that include the above-discussed one or
more compensation windings 228a, 2285 may at least assist
in facilitating an increase in load capacity of the axial
magnetic bearings 202a, 2025. Thus, by using the compen-
sation windings 228a, 2285 to assist 1n increasing the
quantity and/or density of magnetic flux that flows along the
main flux path 238, an enhanced degree of thrust force may
be attained with the same amount of magneto-motive force.

Additionally, the inclusion of one or more compensation
windings 228a, 2286 to the axial magnetic bearings 202a,
2026 may prevent and/or minimize the negative eflects of
the homopolar-leakage of magnetic flux that can otherwise
be associated with axial magnetic bearings 202a, 2025 in
which current flows only in one direction. Further, by
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decreasing, 1f not generally eliminating, homopolar-leakage
magnetic tlux by the inclusion of one or more compensation
windings 228a, 2285 to each of the axial magnetic bearings
202a, 2025 may at least assist in reducing, if not eliminating,
the degree to which the operation of the axial magnetic
bearings 202a, 2026 generates electromagnetic iterference
for other relatively nearby electromagnetic components,
such as, for example, other actuators, sensors, and/or an
clectric motor, among other components. Additionally, by
maintaining a relatively high degree or density of main flux
along the main flux path, the total inductance of the primary
winding 224a, 224b may be reduced, which can improve the
dynamical capability of the associated axial magnetic bear-
ing 202a, 202b6. Further, reducing, or eliminating the
homopolar leakage of magnetic flux may reduce concerns
relating to the materials of adjacent components extending
the path of travel of the leakage flux. Accordingly, the
reduction, or elimination, of homopolar leakage may
enhance the degree of freedom 1n the selection of materials
that can be used for adjacent parts or components, including,
for example, the option of using ferromagnetic 1ron for a
housing of an associated electrical motor, generator, and/or
bearing. Further, enhancing the ability to retain a larger
amount or density of magnetic flux along the main flux path
may reduce the potential of other components or parts
becoming 1nappropriately magnetized, and thereby reduce
or eliminate potential adverse side effects of such magneti-
zation, including, for example, the attraction and associated
accumulation of debris, including dirt and metallic particles,
that can be harmiful to the operation of the associated system,
device, or component.

While examples are discussed above in terms of a first
current flowing through either the first or the second primary
winding 224a, 2245, while little or no current flows through
the other of the first and second primary windings 224a,
224b, embodiments of the present application can also be
used 1n situations or configurations in which current flows
through both the first and the second primary windings 224a,
224b. For example, according to certain embodiments, a first
current can flow the first axial magnetic bearing 202a, a
second current can flow through one or more {irst compen-
sation windings 228a, 228q", a third current can flow
through a one or more second compensation windings 2285,
2285', and a fourth current can flow through the second axial
magnetic bearing 202b. Additionally, 1n certain situations,
the first or the fourth current that flows through the first or
second primary winding 224a, 224b, respectively, can be a
biasing current. Further, which of the first and fourth cur-
rents 1s a biasing current can vary or alternate based on a
number of circumstances. Such biasing current may be used
to at least assist 1n linearizing the bearing force behavior
capacity, as well as improve the speed of the associated
bearing(s) 202a, 2025.

For example, referencing the bearing system 200 shown
in FIG. 3, a situation may arise in which the bearing system
200 experiences a thrust force generally 1n the right direc-
tion, e.g. 1n a direction generally away from the first axial
magnetic bearing 202q and generally toward the second
axial magnetic bearing 202b. In certain situations, the thrust
force may have an amplitude that the left side bearing, in this
example, first axial magnetic bearing 202q, may attempt to
balance. For example, the primary winding 224a of the first
axial magnetic bearing 202a may utilize, for purposes of
illustration, a 1 amp (A) control current (Ic). Further, a bias
current (Ibias) may flow through the primary windings 224a,
2245 of the first and second axial magnetic bearings 202a,
202bH, which, 1n this example can be 3 amps (A). In such an
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example, the current of the first primary winding 224q may
be the sum of the control current (Ic) and the bias current
(1bias), which can be expressed as Ibias—Ic (e.g., 3 A+1 A=4
A), while the current of the second primary winding 2245
can be expressed as Ibias-Ic (e.g., 3 A-1 A=2 A). Further,
in such a situation, the current flowing through the first
primary winding 224a can be 1n a direction that 1s opposite
of that of the flow of current through the second primary
winding 224b. Thus, in such an example, 1f the first and
second primary windings 224a, 2245 each have 100 turns,
the net MMF of the first and second primary windings 224a,
224H would be 4 A*100N+(-2 A)*100N, or 200 ampere
turns.

Compensation for the first and second primary windings
224a, 224b such that the total MMF of the bearing system
200, which includes the compensation windings 228a,
228a', 228b, 228b', 1s zero ampere turns can be achieved 1n
a variety of manners. For example, according to certain
situations, the first compensation winding(s) 228a, 2284' can
have a total of 100 turns, and the second compensation
winding(s) 2285, 228b' can also have 100 turns. According,
to such a configuration, compensation for the MMF of the
first and second primary windings 224a, 2245 can be per-
tformed separately per side of the bearing system 200. For
example, according to certain embodiments, the first com-
pensation winding(s) 228a, 228a' can receive a —4 amp
current, and the second compensation winding(s) 2285,
228b' can receive a +2 amp current. In such a situation, the
first compensation winding 228a, 228a' can compensate for
the MMF of the first primary winding 224a such that the net
MMEF of the first primary winding 224q and the first com-
pensation winding(s) 228a, 228a4' 1s, or 1s around, zero.
Similarly, the second compensation winding 2285, 2285 can
separately compensate for the MMF of the second primary
winding 2245, such that the net MMF of the second primary
winding 2245 and the second compensation winding(s)
2285b, 2285 1s, or 1s about, zero.

According to another embodiment, rather than having the
first and second compensation windings 228a, 2284, 2285,
228b' separately compensate for the MMEF of their associ-
ated primary winding 224q, 224b, the first and second
compensation windings 228a, 228aq', 228b, 228b' can,
together, both compensate for the total MMF of both the first
and second primary windings 224a, 224b. For example, 1n
the above example, the MMF of the first primary winding
224a 1s 400 ampere turns, while the MMF of the second
primary winding 2245 1s —200 ampere turns. In such a
situation, as discussed above, the first compensation wind-
ing(s) 228a, 228a' and the second compensation winding
2285b, 2285' can each have a number of turns that 1s one-half
the number of turns of the first primary winding 224a, and/or
1s one-half the number of turns of the second primary
winding 224b. For example, following the previously dis-
cussed example in which the first and second primary
windings 224a, 224b each had 100 turns, the first compen-
sation winding(s) 228a, 228a' may have a total of 50 turns,
and the second compensation winding(s) 2285, 2285' may
also have a total of 50 turns. Accordingly, in such an
example 1 which the total MMF of the first and second
primary windings 224a, 22456 1s 200 amps (A), a 2 amp (A)
current 1n an opposite direction, which in this example 1s a
direction that 1s opposite of the tlow of current through the
first primary winding 224a, and can therefore be referred to
as —2 A, can flow through each of the first and second
compensation winding 228a, 228a', 2285, 2285'. In such an
example, a -2 A current to the 50 turn first compensation
winding 228a, 228a' will provide a —100 ampere turns, and
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similarly a -2 A current to the 50 turn second compensation
winding 2285, 228" will also provide a —100 ampere turns
for a total of =200 ampere turns. Thus, in this example, the
total MMF or -200 ampere turns for the compensation
windings and the total MMF of 200 ampere for the first and
second primary windings 224a, 2245 can result 1 a net
MMF for the system 200 of, or around, 0 ampere turns.

Additionally, according to at least certain embodiments 1n
which the first and second compensation windings 228a,
228a', 228b, 2285' both compensate together for the total
MMF that 1s about equal to, but opposite of, the total MMF
of both the first and second primary windings 224a, 2245,
the first and second compensation windings 228a, 2284',
228b, 2285"' may not be connected 1n series with the first and
second primary windings 224a, 224b. Further, such an
embodiment may be configured to include certain power
clectronics, such as, for example, an H-bridge configuration
wherein the number of power amplifiers 1s 1ncreased com-
pared to other situations that may utilize a half bridge
connection, and wherein current may flow in only one
direction.

Additionally, according to certain embodiments, the mag-
netic bearing system 200 may not include or utilize a thrust
disk or plate, such as, for example, not include the disk or
plate 208 that 1s depicted in FIG. 3. According to such
embodiments, the main rotor 203 of the electrical device 205
may be utilized as a flux return path for the axial bearings
202a, 2025. For example, FIG. 7 depicts an electrical device
205 having a housing 207 wherein both the first compen-
sation winding 228a, 2284' and the second compensation
winding 228b, 228" are both divided in two parts. Such
divided compensation windings 228a, 228a', 22856, 2285
can be presented 1n both the first and second stages of the
clectrical device 205. Further, according to certain embodi-
ments, the sections of the first compensation windings 228a,
2284’ can be 1n series with, and wound 1n a direction that 1s
opposite of, the first primary winding 224q. Similarly, the
second compensation windings 2285, 2285' can be 1n series
with, and wound in a direction that 1s opposite of the
direction of, the second primary winding 224b. Further,
according to certain embodiments, the first compensation
windings 228a, 228a' can each have a total number of turns
that 1s one-half the total number of turns of the first primary
winding 224q such that the combined net total number of
turns for the first compensation windings equals the number
of turns of the first primary winding 224a. Further, accord-
ing to certain embodiments, the second compensation wind-
ings 228b, 228b' can each have a total number of turns that
1s one-half the total number of turns of the second primary
winding 2245 such that the combined total number of turns
of the second compensation windings 22856, 2285' 1s about
equal to the number of turns of the second primary winding
224b. Additionally, according to certain embodiments, as
depicted i FIG. 7, the first and second compensation
windings 228a, 2284', 228b, 2285' can be external to the
associated axial bearing core 108. As demonstrated by the
magnetic flux 104 and associated main magnetic flux path in
FIG. 7, according to such embodiments 1n which the elec-
trical device 205 does not include a thrust disk or plate 208,
the main rotor 203 of the electrical device 205 may be
utilized as a flux return path for the axial bearings 202a,
2025.

FIG. 8 illustrates another embodiment of a magnetic
bearing system 200 1n which the electrical device 205 does
not include a thrust disk or plate 208. According to the
embodiment shown 1n FIG. 8, the first compensation wind-
ings 228a, as well as the second compensation winding 2285
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(not shown), are integrated in the associated axial bearing
core 108. Additionally, as indicated, each of the first and
second compensation windings 228a, 228b can each com-
prise one set of windings. The number of turns for each of
the compensation windings 228a, 228b can vary. For
example, according to certain embodiments, the first com-
pensation winding 228a can have a number of turns that 1s
less then, such as, for example, one-half, or, alternatively,
equal to, the number of turns of the first primary winding
224a. Similarly, the second compensation winding 2285 can
have a number of turns that 1s less then, such as, for example,
one-hall, or, alternatively, equal to, the number of turns of
the second primary winding 2245. Additionally, at least for
those embodiments 1n which the number of turns for each of
the first and second compensation windings 228a, 2285 1s
equal to the number of turns of the corresponding first and
second primary windings 224a, 224b, the compensation
windings 228a, 2280 may be connected in series to, and
wound 1n the opposite direction of, the corresponding first
and second primary windings 224a, 224b. Further, again, as
shown by the magnetic flux 104 and associated main mag-
netic flux path 1in FIG. 8, according to such embodiments in
which the electrical device 2035 does not include a thrust disk
or plate 208, the main rotor 203 of the electrical device 2035
may again be utilized as part of the flux return path for the
axial bearings 202a, 2025.

Additionally, according to certain embodiments, the ratio
of electrical power delivered to the first and second axial
magnetic bearings 202a, 2025 can be based on at least
attempting to axially displacing the rotor 203 1n a particular
direction. For example, according to certain embodiments,
the system 200 can include one or more separate position
sensors 116 that sense at least the axial position of the rotor
203. Further, the first and second axial magnetic bearings
202a, 202b can receive a supply of current, as determined
for example by using a position and current control algo-
rithm, that 1s to both levitate the rotor 203 as well as axially
maintain the levitated rotor 203 at a central reference posi-
tion. In the event that the rotor 203 1s axially displaced away
from the central reference position, such as 1 one of
opposing first and second axial directions, the movement of
the rotor 203 can be sensed by the one or more sensors 116.
In such a situation, the position and current control algo-
rithm can calculate a current, or ratio of current, that, when
delivered to the first and second axial magnetic bearings
202a, 202b, can at least assist in returning the axially
displaced rotor 203 back toward and/or to the central refer-
ence position.

While the invention has been described in connection
with what 1s presently considered to be the most practical
and preferred embodiment, it 1s to be understood that the
mmvention 1s not to be lmmited to the disclosed
embodiment(s), but on the contrary, 1s intended to cover
various modifications and equivalent arrangements included
within the spirit and scope of the appended claims, which
scope 1s to be accorded the broadest interpretation so as to
encompass all such modifications and equivalent structures
as permitted under the law. Furthermore 1t should be under-
stood that while the use of the word preferable, preferably,
or preferred 1n the description above indicates that feature so
described may be more desirable, 1t nonetheless may not be
necessary and any embodiment lacking the same may be
contemplated as within the scope of the invention, that scope
being defined by the claims that follow. In reading the claims
it 1s 1ntended that when words such as “a,” “an,” “at least
one” and “at least a portion” are used, there 1s no intention
to limit the claim to only one 1tem unless specifically stated
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to the contrary in the claim. Further, when the language “at
least a portion” and/or “a portion” 1s used the item may
include a portion and/or the entire 1tem unless specifically
stated to the contrary.

The mvention claimed 1s:

1. An apparatus comprising:

an axial bearing core, at least a portion of the axial bearing,
core comprising a ferromagnetic material;

a primary winding coupled to the axial bearing core, the
primary winding having a plurality of first windings
cach arranged to have a first number of turns, the
plurality of first windings further arranged for a flow of
a current through the primary winding 1n a first direc-
tion; and

a plurality of compensation windings coupled to the axial
bearing core including a plurality of second windings
arranged to have a sum total of a second number of
turns, the second number of turns being one-half the
number of turns of the first number of turns, the
plurality of second windings fturther arranged for a flow
of a current through the plurality of second windings 1n
a second direction, the second direction being opposite
of the first direction.

2. The apparatus of claim 1, comprising: a main rotor, the
main rotor providing a flux return path for the flow of
magnetic flux generated by the primary winding, and
wherein the apparatus does not include a thrust plate.

3. The apparatus of claim 1, wherein at least one of the
plurality of compensation windings 1s external to the axial
bearing core.

4. The apparatus of claim 3, wherein at least one of the
plurality of compensation windings 1s integral to the axial
bearing core.

5. The apparatus of claim 1, wherein the axial bearing
core 1ncludes a first side and a second side, and wherein the
primary winding 1s at least adjacent to the first side and at
least one of the plurality of compensation windings 1is
positioned adjacent to the second side.

6. An apparatus comprising:

an axial bearing core, at least a portion of the axial bearing,
core comprising a ferromagnetic material;

a primary winding coupled to the axial bearing core, the
primary winding having a plurality of first windings
arranged to have a first number of turns, the plurality of
windings further arranged for a flow of a current
through the primary winding 1n a first direction; and

a plurality of compensation windings arranged for a flow
of a current through the compensation winding 1n a
second direction, the second direction being opposite of
the first direction, the plurality of compensation wind-
ings mcluding a first winding and a second winding, the
first winding being external to the axial bearing core
and radially extending around the axial bearing core at
a location farther from an axis of rotation than the
second winding but closer to the axis of rotation than a
side of the axial bearing core, the second winding being,
internal to the axial bearing core, housed within a slot
of the axial bearing core.

7. The apparatus of claim 6, comprising: a main rotor, the
main rotor providing a flux return path for the flow of
magnetic flux generated by the primary winding, and
wherein the apparatus does not include a thrust plate.

8. The apparatus of claim 6, wherein at least one of the
plurality of compensation windings 1s external to the axial
bearing core.
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9. The apparatus of claim 6, wherein the axial bearing
core 1ncludes a first side and a second side, and wherein the
primary winding 1s at least adjacent to the first side and at
least one of the plurality of compensation windings 1is
positioned adjacent to the second side. 5
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